erosclerosis begins to develop when lipoproteins accumulate in the arterial intima and become chemically modified, thus initiating local vessel wall inflammation and attracting monocytes from the circulation. Modified lipoproteins are taken up avidly by monocyte-derived macrophages, and the resulting fat-laden macrophages (now known as foam cells) reside in the vessel wall and exacerbate the local inflammatory response. Since LDL receptor-deficient (LDLR-deficient) macrophages are not attenuated in their ability to develop into foam cells, it has long been known that foam cell formation requires receptors distinct from the LDLR. Moreover, macrophages do not readily take up native plasma lipoproteins in large amounts and will only become foam cells when exposed to oxidized, acetylated, or otherwise covalently modified lipoproteins. Hence, the discovery of the "scavenger" receptors for modified lipoproteins and the elucidation of lipid-modification processes are of crucial importance in our understanding of atherogenesis.
Multiple groups, using techniques such as expression cloning and protein purification, have identified a series of scavenger receptors, shown in Table 1 . At present, the known scavenger receptors (reviewed in refs. 1 and 2) comprise several classes of transmembrane receptors, all characterized by their ability to bind negatively charged macromolecules, such as modified LDL. With regard to atherosclerosis, the most interesting receptors include scavenger receptor class A (SR-A), types I and II, as well as the class-B scavenger receptors, CD36 and SR-BI.
The first scavenger receptor to be cloned was SR-A (3, 4), which binds with high affinity to lipoproteins that are severely modified, either by acetylation or oxidation. CD36, also called FAT for fatty acid translocase, was cloned initially as a receptor with specific affinity for oxidatively modified lipoproteins (5) . Initial studies on CD36 focused on its role in the uptake of fatty acids by a variety of cells, but recent findings regarding the regulation of CD36 during monocyte activation make this receptor a strong candidate for mediating foam cell formation (6) , and the paper by Febbraio et al. (7) in this issue of the JCI now demonstrates unambiguously its involvement in atherogenesis. Febbraio et al. have now expanded on their earlier characterization of CD36-deficient mice as a model for atherogenesis, crossing their knockout allele (8) onto an apo E (apoE) gene-deficient background that confers spontaneous atherogenesis in mice. Absence of CD36, they find, strongly reduces atherosclerotic development in this genetic background. After 12 weeks on a Western-type diet, aortic trees from CD36-apoE double-knockout mice show a 76% reduction in lesional area, as compared with apoE knockout mice, and lesional area in the aortic sinus is reduced by 45%. Consistent with these in vivo data, Febbraio and coworkers also show that, in the presence of different forms of modified LDL, foam cell formation is strongly reduced in vitro. In addition, they identify CD36 as the receptor for myeloperoxidase-modified (MPO-modified) lipoproteins. MPO has been demonstrated previously to convert LDL into atherogenic particles that strongly induce foam cell formation in vitro.
Scavenger receptor knockouts and the importance of genetic background. During the past few years, the role of SR-A in atherosclerosis has been tested extensively. In 1997 Suzuki et al. published the generation and first analysis of SR-A-deficient mice (9) . On an apoE-deficient background, SR-A-deficient mice showed a 60% reduction in atherosclerotic lesion development, suggesting a strong proatherogenic role for the SR-A. However, this idea has been difficult to generalize in other mouse models. Thus, when it occurs on an LDLR-deficient background, absence of SR-A results in only a 20% reduction in atherosclerosis (10) . The APOE3-Leiden mouse, which has also been used as an atherogenic model, carries a dominantnegative human APOE variant as transgene and exhibits hyperlipidemia and susceptibility to diet-induced atherosclerosis. Nevertheless, no decrease in atherosclerosis is observed when SR-A-deficient mice are crossed with APOE3-Leiden mice (11) .
These results demonstrate that a proor antiatherogenic role of SR-A depends on the mouse model used to provide the atherogenic background, and they highlight the complex roles of apo E in pathogenesis. Apo E acts not only in plasma lipoprotein metabolism, but also in the efflux of cholesterol from macrophages, a process that directly opposes foam cell formation. This dual role of apo E has been elegantly demonstrated using bone marrow transplantation. When Fazio et al. (12) reconstituted wild-type mice with apo E-deficient bone marrow, they showed that lesions developed rapidly despite normal plasma lipid levels (12) . In addition, apo E mediates the binding of lipoproteins to extracellular proteoglycans and, therefore, to the vessel wall, and the loss of vascular adhesion may well alter the susceptibility of lipoproteins to modification or to uptake by macrophages (13) . Both of these considerations could affect the relative contribution of SR-A to atherogenesis and may help account for the divergent findings in different genetic backgrounds. This complexity underscores the importance of studying the effects of such a mutation in a variety of mouse models. Fortunately, there are many atherogenic models available from which to choose (14) . Another scavenger receptor closely related to CD36 is SR-BI. This receptor binds specifically to HDL particles and mediates selective lipid uptake (reviewed in ref. 15 ). Using adenovirus-mediated overexpression of SR-BI and a SR-BIdeficient mouse model, Rigotti et al. have shown that this receptor participates in reverse cholesterol transport. In addition to HDL, however, SR-BI also binds native and modified LDL and mediates cholesterol flow from cells to HDL. Recently, Trigatti et al. described doubly deficient mice lacking SR-BI and apo E, which show an increase in lesion development relative to apo E-deficient mice (16) . So far, no direct evidence has been published showing a direct role of SR-BI in mediating modified LDL uptake and foam cell formation in macrophages. Trigatti et al. propose that accelerated atherosclerosis arises in their double-knockout model either from increased levels of the atherogenic VLDL or from reduction in SR-BI-mediated cholesterol efflux from the vessel wall or other changes in reverse cholesterol transport.
Commentary
Lipoprotein modification in vitro and in vivo. The evidence is overwhelming that modified LDL promotes atherosclerosis (17) , but it has been less clear precisely which modifications and which scavenger receptors are most important in this disease pathway. Although a plethora of excellent in vitro studies have been performed, the relevance for the mechanisms of lipoprotein modification occurring in vivo is poorly established, and functional studies are just beginning to appear. The exact mechanism has been difficult to establish, in part because lesions contain a wide range of modified LDL particles. As shown in Figure 1 , LDL can be modified through the action of a broad range of enzymes, including sphingomyelinase (18) and phospholipase A 2 (19) , which convert native phospholipids in LDL to more biologically active phospholipids. Secreted phospholipase A 2 also makes LDL more susceptible to modification by other enzymes, and sphingomyelinase causes LDL aggregation. In addition, other possibly relevant modifying enzymes are less specific for phospholipids. These include lipoxygenase, locally expressed nitric oxide synthase and MPO, which converts LDL into an atherogenic form in vitro that can induce foam cell formation in macrophages (20) . Until recently, the uptake route for MPO-modified LDL was unknown, but this issue of the JCI also features work from Podrez et al. (21) , which, together with the report by Febbraio et al. (7), convincingly identifies CD36 as the major receptor for uptake of MPO-modified LDL. As Podrez et al. show (21) , absence of CD36 reduces uptake of MPO-modified LDL by almost 90% and reduces foam cell formation by more than half.
Managing atherosclerosis. Considering the crucial role of CD36 in foam cell formation, what can be done to prevent atherosclerosis? Drugs that systemically block CD36 may not work as desired. The multiple role of CD36 as scavenger receptor, fatty acid transporter, and mediator of apoptotic cell uptake implies that these processes may all become affected by such a drug. Furthermore, the effect of CD36 deficiency in humans has emerged from genetic studies and argues against such an approach. In Japan, 2-3% of the general population is deficient for CD36, but, interestingly, 12% of Japanese patients with coronary heart disease (CHD) carry this deficiency (22) . Hence, loss of CD36 function is associated with cardiovascular diseases, and interference with CD36 function appears more likely to cause than to inhibit CHD. A more promising approach to prevent foam cell formation may be the local delivery of drugs to the vessel wall or the reduction of CD36 ligands, either by reducing cholesterol levels or by targeting the MPO system specifically.
The antiatherogenic role of CD36 still requires rigorous testing in different animal models. Despite the clear pathological role of foam cell formation under conditions of severe or prolonged hyperlipidemia, it remains plausible that uptake of modified lipoproteins by macrophages is beneficial in other circumstances, possibly including milder hyperlipidemia (23) . In light of this possibility, more extensive studies are needed to determine the physiological consequences of therapies that block the function of CD36 or other scavenger receptors. The establishment of CD36 as an important scavenger receptor and the identification of MPO-modified lipoproteins as its main ligand represents a major advance toward this end.
